50 Excess nitrogen and phosphorus (i.e., nutrients) environmental loadings continue to affect 51 ecosystem function and human health across the U.S. Our ability to connect atmospheric inputs 52 of nutrients to aquatic endpoints remains limited due to uncoupled air and water quality 53 monitoring. Where connections exist, the information provides insights about source 54 apportionment, trends, risk to sensitive ecosystems, and efficacy of pollution reduction efforts. 55
Introduction 81
Robust environmental monitoring is fundamental to understanding our environment and 82 assessing the efficacy of environmental policies. 1 For many chemical elements of economic and 83 environmental relevance (e.g., nitrogen, phosphorus, sulfur, mercury), air and water chemistry 84 are intrinsically connected. While important progress has been made over the past 20 years, 2 85 most monitoring in the U.S. still does not connect atmospheric inputs to surface water quality. 86
Where connected, information from integrated air and surface water quality monitoring has 87 contributed to the basis, justification, and efficacy assessment of the Clean Air Act Amendments 88 of 1990. 3 Integrated monitoring at inland sites has helped us understand how decreasing 89 atmospheric nitrogen deposition reduces estuarine nutrient enrichment. 4 These efforts have 90 allowed us to determine sources, trends, and whether pollution reduction decisions have been 91 effective and fiscally responsible. 5 92 Excess nitrogen and phosphorus ("nutrients") is one of today's most challenging and 93 costly water quality issues. 6 The challenge arises from balancing trade-offs between human 94 needs, such as food and energy production, with harm to human and ecosystem health, such as 95 drinking water contamination 7 or harmful algal blooms and hypoxia. 8 Excess nitrogen damages 96 in the U.S. exceed $100 billion annually. 9 Despite ongoing source reductions, nutrient 97 enrichment of aquatic ecosystems is difficult to mitigate. The persistent hypoxic zone in the Gulf 98 of Mexico was the size of New Jersey in 2017, the largest in the 15-year record. 10 The U.S. 99
Environmental Protection Agency's Science Advisory Board recently concluded a national 100 strategy integrating air and water monitoring is needed to understand sources, transport, and fate 101 of excess nutrients. 11 102 Atmospheric deposition dominates nitrogen inputs to surface waters over much of the 103 conterminous U.S. 12 (Figure 1 ). Atmospheric deposition physically delivers nitrogen and 104 phosphorus to land and water surfaces by wet (e.g., rain, snow) and dry (e.g., gases and 105 particulates) processes. Even in watersheds with large nutrient sources from agriculture or 106 sewage, atmospheric sources can play an important role depending on land use and timing of 107 runoff. 13, 14 It is thus important to quantify atmospheric inputs in order to assess reduction 108 efforts, such as agricultural best practices, water treatment upgrades, and power plant emission 109 caps. 4, 15 Fewer than 2% of long-term water quality sites are co-located with nitrogen deposition 110 monitoring in the U.S (Figure 2 ). Phosphorus is monitored in deposition and water 111 simultaneously at even fewer sites. Recent work reveals the importance of urban atmospheres as 112 a significant potential source of phosphorus to runoff. 16 At the 2% of locations where deposition and water quality monitoring co-occur, (Figure  155 2), key insights into processing affecting the coupling between deposition and water quality have 156 been documented. For example, long-term co-located monitoring occurs on USDA Forest 157 Service Experimental Forests, such as Coweeta Hydrologic Laboratory and Hubbard Brook 158 Experimental Forests. Multi-decade forest cutting experiments at Coweeta and Hubbard Brook 159 have shown land management can decouple the relationship between atmospheric deposition 160 and stream chemistry until forest regrowth occurs (Hubbard Brook), or for decades following 161 cutting if an atmospheric nitrogen-fixing tree dominates the subsequent forest (Coweeta) ( Figure  162 3). 26-30 163 Much as it is in the U.S., we know of only limited integrated monitoring in the 164 international community. In Europe, the International Cooperative Program on Integrated 165
Monitoring of Air Pollution Effects on Ecosystems (ICP IM) monitors the effects of air 166 pollutants on ecosystems at 41 sites. 31 The Acid Deposition Monitoring Network in East Asia 167 (EANET) is primarily a regional wet deposition network, where 13 countries and 57 sites have 168 recorded wet deposition since 2001 (including nitrate, ammonium, and phosphate as of 2016) 169 9 following similar methods to the NADP. EANET organizes quarterly co-located measurements 170 of surface water quality at a subset of sites. There are a few other sites in Asia where long-term 171 measurements of surface water chemistry are integrated with measurements of deposition. 32 We 172 are unaware of integrated monitoring networks in South or Central America or Africa. Countries 173 face many of the same scientific and environmental management challenges for nutrients. As 174 such, the motivations for integrated monitoring described here for the U.S. apply elsewhere. 175 10 176
Figure 2. Long-term atmospheric deposition and surface water quality nutrient monitoring 177 locations summarized at a HUC-8 level . Depicted are watersheds with: no long-term monitoring 178 sites (grey); only water quality (light blue); only atmospheric deposition (dark blue); both 179 deposition and water quality (yellow); or co-located deposition and water quality monitoring 180 separated by less than 10 km (red). 181 
What is the atmospheric contribution to nutrient enrichment in coastal waters? 191
Excess nutrients in coastal waters can manifest as toxic algal blooms, low oxygen zones, 192 loss of fisheries habitat, and fish kills and can even shift coastal wetlands from sinks to sources 193 of carbon. 33 It is a rampant problem across the U.S., 34 In addition to monitoring upstream sources entering coastal waters, coastal zone 204 monitoring is important, especially for small-to-medium watersheds that can exist entirely within 205 the coastal plain. Deposition to the surface of coastal waters can uniquely impact biology. Most 206 nitrogen deposited to land and transported by rivers will be converted to nitrate or organic 207 nitrogen on its way to the ocean. 39 Conversely, direct deposition to coastal waters bypasses the 208 biogeochemical processing of the watershed and can be a significant input of ammonia. A shift 209 in the speciation of nitrogen inputs can result in harmful algal blooms. 39 Increasing the number, 210 and coordination, of both wet and dry atmospheric deposition and water quality monitoring sites 211 in coastal zones will help mitigate harmful impacts, preserve healthy coastal ecosystems, and fill 212 data gaps for nutrient fluxes in coastal zones. 213 214
What is the atmospheric contribution to nutrients in urban stormwater runoff? 215
Elevated deposition has been documented in numerous urban areas, including cities in the 216 U.S., [40] [41] [42] Europe, [43] [44] [45] 47 Elevated inputs to urban areas can contribute up to 50% of 217 total nitrogen inputs to downstream waters, such as the Chesapeake Bay, 48 estimates that are only 218 possible by examining rates of atmospheric deposition with water quality simultaneously. 219
Sources of nitrogen can vary dramatically over the hydrograph, with wastewater sources 220 dominating during base flow and atmospheric deposition increasing during stormflow 14 . In most 221 urban areas with deposition measurements, they are not coupled to measurements of nutrient 222 loading from other sources to nearby waterways or water quality. This lack of coordination 223 impedes the quantification of atmospheric deposition's contribution to total nutrient inputs and 224 the evaluation of policies or management options to reduce nutrient loads. Improved 
Are atmospheric phosphorous inputs degrading pristine lakes? 253
Phosphorus concentrations in lakes are increasing across the U.S. without a clear 254 explanation. 59 An alarming feature of the trend is the decrease in the number of naturally low-255 nutrient concentration lakes from 24.9% in 2007 to 6.7% in 2012. 59 Increasing phosphorous 256 concentration in lakes could be driven by increasing atmospheric deposition of phosphorous. 60 257
The pH of rainfall has been recovering to less acidic levels since the 1990 Clean Air Act 258
Amendment, which may also be increasing phosphorus solubility in soils. 61 259
The current lack of understanding about the extent, or mechanism, for phosphorus 260 deposition to impact surface water quality underscores the need to enhance monitoring 261 coordination. Historically, measuring phosphorus in wet deposition was not a priority given its 262 low concentration in precipitation. For example, in North America, NADP NTN analyzes for 263 orthophosphate (PO 4 3-) in precipitation, but due to protocol limitations, measurable 264 concentrations are observed infrequently and detection is primarily an indication of sample 265 contamination from birds. This is a critical limitation given that trends are strongest in lakes and 266 streams with low phosphorus concentrations. Improved methods are needed for: measuring total, 267 ortho-, organic, and particulate-form phosphorus; and measuring phosphorus in wet and dry 268
deposition. An examination of studies conducted between the mid-to late-1990s through 2007 269 identified only 23 sites worldwide that made measurements of annual wet deposition of 270 dissolved phosphorus for some of this period. Among atmospheric deposition networks 271 worldwide, only one small network (9 sites), the NADP Atmospheric Integrated Research 272
Monitoring Network (AIRMON) in the eastern U.S., measured it routinely. 62 Routine network 273 measurements of both wet and dry phosphorus deposition are needed on all continents and 274 oceans in order to quantify the role of atmospheric deposition in the biogeochemical cycling of 275 phosphorus. Routine co-measurements of comparable phosphorus species in deposition with 276 those measured in lakes and streams will require more coordinated monitoring strategies than are 277 currently in place. 278 279
Enhancing Integration 280
Reinvigorating the call for monitoring coordination (e.g., 63, 64 ) is timely because the 281 computational tools to facilitate integration have never been better and the need -both in terms 282 of filling knowledge gaps and leveraging declining resources -has never been greater. 283
Strategies presented here are informed by today's problems. We encourage a flexible approach 284 to integration that emphasizes coordination and consistency, and maximizes efficient use of 285 monitoring resources. 286 287 288
Support consistent reporting of surface water quality data and metadata 289
An important aspect of integrating air and water data is consistency of reporting and 290 metadata. Box 1 provides an example of the obstacles posed by fragmented and inconsistent data 291 documentation, and the challenges in data assimilation. Additional detail about the challenges 292 specific to water data can be found in Sprague et al. 65 We encourage open, online access, 293 sufficient and consistent documentation, and comparable methods for sample collection, 294 analysis, and quality control. The efforts of more than 1,700 U.S. volunteer water monitoring 295 organizations should be included. Consistent and sustained funding -for air and water 296 monitoring -is fundamental. 297
Online infrastructure is needed to support coordination of water data. Launched in 2002, 298 the National Environmental Methods Index (www.nemi.gov) serves as a central clearinghouse 299
for measurement methods and helps users compare methodologies. The Water Quality Portal 300 (www.waterqualitydata.us) provides a single point-of-access to the largest combined water 301 quality data set for groundwater, stream and river, and coastal sites, 66 with a consistent metadata 302 documentation format (Water Quality Exchange -WQX). 67 These are major steps towards 303 improving compatibility of water and air data. 304
The NADP offers a working model for a federated network of water organizations. 305 Important principles transfer from the NADP model to the coordination of water monitoring for 306 efficient use of increasingly limited resources, such as collaboration among agencies, cost 307 sharing, and centralized online data access. 308
BOX 1. What "critical loads" teach us about the challenges of data integration 309
A critical load (CL) is a threshold for deposition below which specified ecological 310 changes do not occur in an ecosystem. 68 CLs are calculated based on several analytes in water 311
samples. The CL of waterbody is "exceeded" if deposition of a pollutant is too high. CLs inform 312 U.S. air pollution policies, water resource management, and impact assessments for both 313 acidification and nitrogen enrichment. 314
There are many challenges in calculating CLs, particularly at regional-to-national scales. assimilation. Another challenge is having all the needed water quality measurements for the 320 same waterbody. In many cases, water samples may only be analyzed for certain analytes (e.g., 321
nitrogen) and not others (e.g., base cations). The new documentation format WQX used by the 322
Water Quality Portal 67 provides greater order to unit and naming conventions, fostering better 323
use of water quality data and allowing for better integration with other environmental data, 324
including atmospheric deposition. 325 326 327
Enhance integration at existing monitoring sites 328
Coordination of monitoring networks among organizations is a daunting task, but could 329 be made more tractable by beginning with a pilot effort focused on a specific, small objective. 330
One such objective might be coordinating surface quality water sites co-located with NADP 331 NTN deposition sites, for the purpose of evaluating deposition effects on water quality. A core 332 set of analytes could be identified, either by stakeholders or NADP NTN, and sampled at these 333 sites. A standing committee analogous to the NADP NTN operations committee could facilitate 334 coordination among organizations and establish minimum standards for collection, analyses, and 335 documentation at co-located sites. Clear procedures for adding new sites to the pilot could ease 336 an eventual transition to an expanded, long-term integration of monitoring with the goal of 337 achieving sufficient coverage to relate air and water quality. 338
In planning pilots, it will be important to consider that atmospheric nitrogen loading to 339 watersheds often, but not always, parallels stream nitrate concentrations. 4, 69, 70 Both short-and 340 long-term environmental processes can cause temporal lags between stream water quality and 341 deposition. Fast-growing young forests tend to accumulate nitrogen in biomass, releasing very 342 little to the surface waters, while slower-growing older forests often release nitrogen as their 343 ability to store it diminishes (e.g., nitrogen saturation). Other factors such as snowpack, 344 groundwater storage and flow, and in-lake retention can also attenuate the signal of deposition. 345
The next few years present a critical opportunity to encourage coordination between 346 nutrient water and deposition monitoring. Total deposition samplers for phosphorus are being 347 piloted at 10 to15 NADP sites in the western U.S. beginning in late 2017. 71 New in situ sensor 348 technology for measuring nutrients in water is increasingly available at lower prices, 72 although 349 care should be exercised not to trade lower up-front costs for higher maintenance and data 350 quality assurance costs. Opportunities for coordination are ripe while organizations are piloting 351 and deploying new technology. We encourage focusing on water quality sites that also measure 352 stream flow. Flow is needed to compare streams of different sizes, quantify exports, and 353 complete nutrient and material budgets. With the frequency of extreme events projected to 354 increase, 73 in situ sensors and co-located monitoring of deposition, surface water quality, and key 355 watershed processes are needed now more than ever. monitoring is small compared to the potential benefit. Citing an example from the Acid Rain 389 Program, which simultaneously monitored atmospheric deposition and surface water chemistry, 390 "Taken together, the total cost of these critical atmospheric deposition and surface water 391 monitoring programs represents less than 0.4% of the implementation costs of Title IV [of the 392 Clean Air Act Amendments] and less than 0.01% of the estimated benefits". 1 393
Coordinating atmospheric deposition and surface water quality monitoring will help fill 394 important scientific, management, and policy-relevant knowledge gaps. Monitoring that connects 395 deposition and water quality enables better ecosystem management, evaluation of pollution 396 reduction efforts, and detection and response to unanticipated environmental changes. 397
Investment now in key activities that couple air and water monitoring is not just relevant for 398 nutrients, but has co-benefits for sulfur, mercury, and other pollutants. 399 400 401
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